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The patterning of the nervous system is achieved
through coordinated action of a variety of repulsive
or attractive neuronal guidance factors that direct the
growth of growing axons to specific pathways. Re-
cent studies suggest that the same or similar sets of
factors also guide migration of endothelial cells, help-
ing to direct the stereotypical embryonic patterning
of the developing vertebrate vascular system.
The striking parallels between the vertebrate vascular
and nervous systems are readily apparent even on ca-
sual observation. Both are highly branched, ramified
networks that extend into and innervate every portion
of the animal. Both are composed of largely separate
efferent and afferent networks (e.g., motor and sensory
nerves in the nervous system and arteries and veins in
the vasculature). In many cases, both systems are not
only similar in their anatomical structure and form but
also follow the same paths. Major vessels and nerves
frequently coalign with one another, as noted for pe-
ripheral nerves and vessels in the developing avian skin
and forelimb (Bates et al., 2003). Another feature that
both systems share is a remarkable reproducibility and
conservation in their overall anatomical architecture,
both between individuals of a species and across the
vertebrate phyla. Recent findings have shown that sim-
ilarities between the nervous and vascular systems ex-
tend to the molecular level and that some of the mo-
lecular mechanisms important for the specification,
differentiation, and patterning of nervous tissues also
play important roles within the vasculature and vice
versa. For example, Notch signaling and ephrin-Eph
engagement are required for proper arterial-venous fate
determination and vascular morphogenesis (Alva and
Iruela-Arispe, 2004). Vascular endothelial growth factor
(VEGF), a crucial ligand for the growth, survival, and
differentiation of vascular endothelial cells, has been
shown to promote neuronal or glial cell survival, prolif-
eration, and axonal outgrowth, leading to important
therapeutic implications for nerve injury and neurode-
generative disease (Storkebaum et al., 2004).
A great deal is known about the genetic and molecu-
lar basis for the patterning of the nervous system. A
large number of studies have led to the identification of
families of transmembrane or secreted ligands expressed
by surrounding tissues that provide cues guiding the nav-*Correspondence: flyingfish@nih.govigation of migrating nerve axons (for comprehensive re-
view, see Dickson [2002]). Ligand-receptor pairs impli-
cated in axonal guidance include ephrins and their Eph
receptors, slit ligands and their roundabout (Robo) re-
ceptors, semaphorins and their plexin and neuropilin
receptors, and netrins and their DCC/neogenin and
Unc5 receptors. Ephrins and Ephs form a large family
of transmembrane and membrane-associated proteins
capable of bidirectional signaling. Eph-ephrin signaling
is important for topographic mapping of axonal projec-
tions in the central nervous system. Slits are secreted
proteins that act primarily as repellents for migrating
axons. In Drosophila, slit protein expressed at the
ventral midline acts as a short-range repellent to pre-
vent ipsilateral axons from crossing the midline or com-
missural axons from rerecrossing. Slits play a similar
role at the neural ventral midline in vertebrates and are
important in directing retinal axons through the optic
chiasm via repulsive signaling. Semaphorins consist of
seven structurally diverse families of membrane-
associated and secreted ligands that act mostly as
short-range inhibitory cues to direct axons away from
inappropriate regions or guide them through specific
corridors. Class 3 semaphorins bind to neuropilin-
plexin receptor complexes on the axonal surface, with
plexins serving as the functional (signaling) component
of the complex. Netrins are secreted proteins that can
have either attractive or repulsive activity. Netrin
attracts ventrally directed axons to the midline in both
vertebrates and invertebrates but also repels other sets
of axons. These ligands act together in attracting or
repelling growing axons to “steer” them through other
tissues toward their final targets. The ligands signal
though specific transmembrane receptors expressed
on the surface of axonal growth cones. The levels, re-
sponsiveness, and/or subcellular localization of these
receptors are also regulated, even to the extent of
switching the response of a growth cone from attrac-
tion to repulsion or vice versa. Guidance factors can
also modulate each other’s activity, as, for example, in
the silencing of netrin attraction by slit signaling when
commissural axons cross the ventral midline. This cros-
stalk is likely to be important for coordinating the spa-
tial and temporal activities of these factors as they
guide axons along defined and reproducible anatomi-
cal tracks.
In contrast to the nervous system, we still know com-
paratively little about the molecular mechanisms that
guide the assembly of the conserved anatomy of the
vertebrate vasculature. As noted above, there is strong
evidence for coordination between the vascular and
nervous systems, with frequent close physical associa-
tion between larger nerves and vessels. In some cases,
this coordination is achieved by signals directly from
one tissue to the other. Many nerves secrete factors
with effects on blood vessels. Nerve-derived VEGF is
essential for formation of arteries in mouse limb skin
(Mukouyama et al., 2002). In vivo, limb skin arteries
closely coalign with peripheral nerves, and loss of the
nerve or Schwann cells prevents proper arteriogenesis.
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300In vitro, sensory neurons or Schwann cells can induce
arterial marker expression in isolated embryonic endo-
thelial cells, and VEGF is necessary and sufficient to
mediate this induction. These data indicate that nerve-
derived VEGF is required for the differentiation of adja-
cent arteries in the skin, although it is not clear whether
VEGF alone or other nerve-derived factors are respon-
sible for the actual physical alignment of arterial ves-
sels along nerves. Other factors might include secreto-
neurin, a neuropeptide expressed in nerve fibers that
are found in close apposition to blood vessels that
stimulates endothelial cell migration and angiogenesis
in in vitro and in vivo assays (Kirchmair et al., 2004),
although loss-of-function studies are not yet available
to definitively assign a role for this factor in vessel for-
mation in vivo. Vessels also provide cues for the growth
and alignment of adjacent nerves. Artemin, a member
of the GDNF family of ligands, is expressed in vascular
smooth muscle cells and acts as a guidance factor for
the growth of sympathetic nerve fibers along blood
vessels (Honma et al., 2002). Knockouts of artemin or
its preferred receptor GFRα cause severe defects in the
migration and axonal projection of sympathetic neu-
rons but not other types of neurons, while sympathetic
nerve fibers grow toward an artemin-soaked implanted
bead.
It seems likely that, in most cases, there is a bidirec-
tional conversation between the nervous and vascular
systems rather than unidirectional signaling. Perhaps
the most illustrative example of this has come from a
study of the sexually dimorphic development of the
songbird higher vocal center (HVC) in birds (Louissaint
et al., 2002). In adult male canaries, the HVC undergoes
a seasonal hypertrophy induced by increased levels of
testosterone. Elevated testosterone induces both neu-
ronal addition and endothelial division in the HVC by
Ffirst upregulating both VEGF in HVC neurons and
rastrocytes and the VEGF receptor VEGFR2 in endothe-
(lium, yielding a burst in local HVC angiogenesis. The
inew HVC capillary vessels produce increased levels of
a
brain-derived neurotrophic factor (BDNF) in a testoster- s
one-activated manner, which promotes migration and (
rrecruitment of new neurons from the HVC ventricular
bzone. Studies such as this, and the frequent observa-
ntion that neural progenitors are associated with vessels
t
or vascular progenitors, have led to the idea of an “an- a
giogenic niche” for neuronal development. Close coor- t
tdination between the assembling neuronal and vascu-
plar systems makes sense, given the high metabolic
bdemands of the nervous system, which require that
t
neurons are well supplied with blood-borne nutrients s
and oxygen.
Crosstalk between nerves and vessels is clearly im-
portant in shaping both systems, but it has become evi- s
dent that ligands employed for axonal guidance in the c
nervous system are also used independently to help p
fashion the global architecture of the vasculature. Ves- o
sels respond to many of the repulsive guidance cues A
used to steer growth cones along their migratory paths, b
and, in at least some cases, these cues have been w
shown to act in an analogous fashion to direct the mi- p
Egration and patterning of growing angiogenic blood ves-igure 1. A Model for Patterning of the Trunk Vasculature by Neu-
onal Guidance Factors
A) Members of various families of guidance factors are expressed
n discrete patterns in the developing trunk. (B–D) Intersegmental
rteries (ISA) and veins (ISV) extend along the boundaries between
omites, avoiding semaphorin- and ephrin-rich somitic territories.
E) Blood vessels in zebrafish and mice lacking the semaphorin
eceptor plexinD1 sprout and grow without regard to somitic
oundaries (compare to control, [D]). (F and G) Additional longitudi-
al parachordal (P) and vertebral (V) vessels form on either side of
he trunk at later stages of development. Early expression of netrin
djacent to their future paths may inhibit premature formation of
hese later-developing vessels until the appropriate developmental
ime point. NT, neural tube; No, notochord; DA, dorsal aorta; PCV,
osterior cardinal vein. (D and E) Multiphoton images of trunk
lood vessels in control (D) and plexinD1 null (E) Fli-EGFP
ransgenic zebrafish, modified from Torres-Vazquez et al. (2004),
ee reference for details.els (Figure 1). EphrinB2-EphB4 signaling plays a criti-
al role in arterial-venous differentiation, promoting
roper arterial-venous distinction and morphogenesis
f arterial-venous vascular networks (Wang et al., 1998).
dditional Eph and ephrin genes are expressed both in
lood vessels and in the tissues surrounding them, and
ork in Xenopus suggests that ephrinB ligands ex-
ressed in the somites restrict growth of adjacent
phB4-expressing growing intersomitic vessels in the
Minireview
301trunk (Helbling et al., 2000). Injection of ephrinB ligand
or dominant-negative EphB4 mRNA into one to four cell
Xenopus embryos results in aberrant growth of vessels
into somitic tissue, although the vascular defects ap-
pear less severe than those noted in animals deficient
in vascular semaphorin signaling (see below) and may
be at least partly due to defects in somite patterning
and differentiation, which also requires Eph-ephrin in-
teraction. Nevertheless, it appears that exclusion of
growing trunk vessels from the somites may be medi-
ated at least in part by Eph-ephrin ligation.
Slit-Robo signaling has also been implicated in vas-
cular development. There are four slit receptors in
mammals, and expression of the most divergent recep-
tor, Robo4, is restricted to the endothelium. Slit inhibits
the migration of Robo4-expressing cells in vitro, sug-
gesting that Slit may be able to provide a repulsive sig-
nal to migrating endothelial cells via Robo4 (Park et al.,
2003). Robo4 knockout mice do not appear to have a
substantial vascular defect, although this could be ex-
plained by the observation that several other (neural)
Robo receptors are also expressed in the vasculature.
Vascular phenotypes also have not been reported in Slit
ligand knockouts, although extensive redundancy be-
tween the Slit ligands has made it difficult to even de-
tect neuronal phenotypes of Slit knockouts, with rela-
tively mild neural misguidance phenotypes recently
noted in a triple knockout (Long et al., 2004). The
ventral midline neural expression of slit ligands in the
trunk hints that this signaling pathway may be involved
in attraction or repulsion of vessels to or from the vicin-
ity of the neural keel, but further study will obviously be
required to draw firm conclusions about the nature of
the in vivo role of slit-Robo signaling during vascular
development.
Recent studies on vascular roles of semaphorin sig-
naling have provided strong evidence for an important
role for this axonal guidance factor in vascular patterning.
Type 3 semaphorins inhibit endothelial cell motility and
survival in vitro, opposing the effects of VEGF. Studies
of nerve and vessel patterning in the developing avian
forelimb suggest that both are independently employ-
ing semaphorin signals for repulsive guidance (Bates et
al., 2003). Larger vessels and nerves are spatially juxta-
posed in the forelimb, but alterations in the pattern of
one do not affect the other. However, sema3A is ex-
pressed in a complementary pattern to both vessels
and nerves, and ectopic expression of sema3A from
implanted beads causes hypovascularity and nerve re-
pulsion in adjacent tissue, while local inhibition of
sema3A via sema3A antibody or soluble neuropilin-1
(NP1)-soaked beads results in increased local capillary
formation. In the nervous system, type 3 semaphorins
bind to receptor complexes that include neuropilin pro-
teins. There are two mammalian neuropilins, both of
which are expressed in blood vessels in addition to
neural tissues. Loss of neuropilin function causes de-
fects in the vasculature in addition to those in the ner-
vous system, with dramatic loss of blood vessels and
early embryonic lethality in NP1/NP2 double homozy-
gotes (Takashima et al., 2002). Neuropilins complex with
VEGF receptors to permit binding of the higher molecular
weight (165 and 180 Mr) isoforms of VEGF to endothelial
cells, and sema3A competitively inhibits this interac-tion, suggesting that endothelial semaphorin signaling
may be acting predominantly through neuropilin and
the VEGF receptor. However, mice with a mutated NP1
unable to bind sema3A, sema3C, or sema3F but still
able to bind VEGF (NP1sema−) have defects in both neu-
ral and cardiovascular development but lack the vascu-
lar defects found in mice with an endothelial-specific
knockout of NP1, suggesting that VEGF-NP1 signaling
is more important for vascular development than
Sema-NP1 signaling (Gu et al., 2003).
In the nervous system, the signaling receptors for
type 3 semaphorins are plexins, and studies in zebra-
fish and mice have shown that semaphorins act as a
critical guidance factor for trunk vessel growth and an-
atomical patterning via PlexinD1 (Gitler et al., 2004; Gu
et al., 2005; Torres-Vazquez et al., 2004). PlexinD1 is a
divergent member of the plexin receptor family ex-
pressed exclusively or nearly exclusively in endothe-
lium during early development in mice and zebrafish.
Loss-of-function experiments have revealed that this
receptor is required for guidance and patterning of
trunk intersegmental vessels. Intersegmental vessel
sprouts grow closely along the boundaries between so-
mites before interconnecting dorsally. Loss of plxnD1
function in mice (Gitler et al., 2004; Gu et al., 2005) or
zebrafish (Torres-Vazquez et al., 2004) causes dramatic
mispatterning of these vessels, which sprout and grow
without regard to intersomitic boundaries (Figure 1).
Type 3 semaphorins are expressed in the zebrafish so-
mites in complementary fashion to growing vessels,
and reducing individual semaphorins in zebrafish also
causes vascular defects. Furthermore sema3a2 inhibits
the growth of intersegmental vessels, and sema3A re-
duces endothelial cell migration in vitro, both in a
PlxnD1-dependent manner (Gitler et al., 2004; Torres-
Vazquez et al., 2004). These results indicate that sema-
phorin acts as a repulsive guidance cue for growing
intersegmental vessels expressing PlexinD1, guiding
their growth along intersomitic boundaries. A subse-
quent publication has suggested that, at least in the
mouse, trunk sema3E may signal through plexinD1 in-
dependently of neuropilins (Gu et al., 2005). Sema3E is
expressed in the somites and binds to intersegmental
vessels in vivo. Unlike other type 3 semaphorins,
sema3E binds PlexinD1-expressing cells in vitro in the
absence of neuropilin, promoting their collapse (al-
though, in the experiments of Gitler et al. [2004],
sema3A was shown to bind to cells expressing BOTH
neuropilin and plexinD1). Knockout of sema3E gives a
trunk vascular phenotype reminiscent of plexinD1 nulls,
while mice doubly homozygous for NP1sema− and NP2
null (retaining VEGF-NP1 signaling but presumably
lacking sema-NP signaling) form apparently normal in-
tersegmental vessels. It remains to be seen whether in
zebrafish the semaphorins implicated in intersegmental
vessel guidance are signaling in neuropilin-dependent
or neuropilin-independent manner.
Netrins, the fourth family of neuronal guidance fac-
tors described above, have also been implicated in vas-
cular development. There are two general classes of
netrin receptors, unc5 and DCC/neogenin. Unc5H2 or
unc5b is expressed in arterial endothelial cells, while
neogenin is expressed in vascular smooth muscle cells
(but not endothelial cells). In one recent study, netrin-1
Cell
302was shown to act as an angiogenic factor for both for g
avascular endothelial cells and vascular smooth muscle
cells (Park et al., 2004). The authors found that netrin-1 t
Tstimulates proliferation and directed migration of both
endothelial cells and vascular smooth muscle cells in t
vvitro with a specific activity comparable to VEGF (for
vascular endothelial cells, VEC) and PDGF (for vascular c
psmooth muscle cells, VSMC). Netrin-1 is also proangio-
genic in several different in vivo assays, again with spe- c
bcific activity comparable to VEGF, and it synergizes
with VEGF both in vitro and in vivo. These results clearly h
ldemonstrate an attractive or proangiogenic role for net-
rin-1, but another recent study has suggested that net- b
trin-1 acts instead as a repulsive guidance factor with
the netrin receptor unc5b required for proper patterning e
rof blood vessels (Lu et al., 2004). Loss of unc5b func-
tion in mice and zebrafish increases vessel branching c
and filopodia, although patterning of the major vessels
is largely normal and trunk vascular defects are much
Sless severe than those noted in plexinD1 nulls. These
authors also show that netrin-1 reduces endothelial cell
Amigration and filopodial extension in vitro and reduces
2
retinal endothelial cell filopodia in vivo in an unc5b-
B
dependent manner. Technical considerations may ac- s
count for some of the differences between these pa- B
pers; in general, much higher concentrations of netrin D
were used by Lu et al. (2004), and some of their in vitro G
cell migration assays used cells expressing netrin G
rather than purified netrin protein. However, the differ- a
ing conclusions of these papers may reflect the biology G
of netrins, which are capable of both repulsive and d
Sattractive signaling, depending on cellular and environ-
mental context. In the developing zebrafish trunk, net- H
vrin expression is localized to the neural keel and a thin
Hstrip along the horizontal myoseptum (the dividing line
sbetween the ventral and dorsal halves of the somites,
Hhalf way up the trunk), together with laminin-1 (S.M.
CPollard, M. Kamei, and D.L. Stemple, personal com-
Kmunication), which can convert netrin attraction of
Agrowth cones to repulsion (Hopker et al., 1999). Inter-
C
estingly, the most significant defect noted in zebrafish
Lnetrin morphants is lateral branching of growing pri- T
mary intersegmental vessels. At later stages of de- (
velopment, parachordal veins and vertebral arteries L
form along the horizontal myoseptum and adjacent to N
the neural keel, respectively, and the data of Lu et al. L
(2004) hint that netrin may act to prevent premature D
Nbranching of the primary intersegmental vessels into
these particular vessel tracts in the trunk. M
sIn conclusion, recent work has highlighted profound
Pparallels between guidance and patterning in the ner-
Cvous system and vascular system. There is clearly
2much to be done before our understanding of guidance
Pfactors in the vasculature begins to approach the depth
pof current understanding of neural patterning. At this
1
point, we know enough about early trunk vascular
S
patterning to start to make some educated guesses s
about how the anatomical form of this network of ves-
T
sels is shaped by exogenous cues (see Figure 1), but, T
in general, our understanding of the patterning of em- (
bryonic vessels is minimal. Many of the molecular play- T
ers of the molecular players of vascular guidance are F
Dnow being identified, but their roles are still in most
cases unclear. It is likely that, as in the nervous system, Wuidance factors for the vasculature coordinate their
ctivities in a complex spatial and temporal interaction
o shape the stereotypic pattern of early blood vessels.
he strong parallels uncovered between these two sys-
ems already imply that studies carried out in the ner-
ous system aimed at dissecting this interaction will
ontinue to have relevance to the vascular system (and,
erhaps, vice versa). The finer details of both the vas-
ular and nervous systems are shaped and remodeled
y local influences—in the case of the vasculature, by
emodynamics and the oxygen and nutrient needs of
ocal tissues, and, in the case of the nervous system,
y neural activity. Understanding the interface between
he global genetically programmed assembly of the
arliest, major nerve tracts and vessels and growth and
eshaping of later, smaller-caliber vessels and neural
onnections provides a challenge for the future.
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